The T cell receptor must translate modest, quantitative differences in ligand binding kinetics into the qualitatively distinct signals used to determine cell fate. Here, we use mice that express an endogenous T cell receptor (TCR) antagonist and an adoptive transfer system to examine the influence of TCR signal quality on the development of effector function. We show that activation of antigen-specific T cells in the presence of an antagonist results in a functional reprogramming of the primary immune response, marked by altered T cell homing, a failure to develop effector function, and ultimately clonal elimination by apoptosis. Importantly, antagonism does not block cell division, implying that the signals promoting clonal expansion and effector differentiation are distinct.
Introduction
Cell-autonomous instructional programs with sequentially acquired activation thresholds control all phases of primary and secondary T cell immune responses (1) (2) (3) (4) (5) . For example, sustained TCR cross-linking by high affinity MHC/foreign peptide ligands on the surface of activated, professional APCs results in clonal expansion, followed by differentiation and effector function, clonal contraction, and ultimately memory formation. In contrast, shorter interactions between naive T cells and immature APCs presenting low doses of antigen induce unresponsiveness and tolerance (3, 6, 7) . The outcome of T cell activation therefore depends largely on the overall strength and duration of the initial antigenic stimulation and the subsequent induction of the developmental programs that control heritable changes in gene expression (1, 8) . Collectively, the continuum of differentiation stages after T cell stimulation characterizes the progressive model of T cell activation (1, 4, 6, 9) .
Multiple variables control signal strength and timing, and therefore the capacity to induce full effector function. These include the affinity and binding kinetics of the TCR for cognate MHC/peptide ligands (10, 11) , the presence or absence of costimulatory molecules (12, 13) , the cell surface concentration of the relevant ligands/receptors (14, 15) , the nature of the APCs (16, 17) , and competition for limited niches in lymphatic tissue (18) . These factors regulate the rate of TCR triggering, signal amplification, and ultimately the duration of the immunological synapse (19, 20) . In the progressive model of T cell differentiation, total signal strength correlates with T cell "fitness," or the capacity of T cells to resist cell death, develop effector function, and persist after primary stimulation in the absence of antigen (2, 3) . Mechanisms that interrupt the progressive nature of this process are predicted to result in reduced survival capacity and clonal elimination.
One potent mechanism capable of limiting synapse formation and blocking T cell activation is TCR antagonism (21) (22) (23) (24) (25) . Antagonists are both naturally occurring and synthetic ligands that fail to activate mature T cells (26) (27) (28) . When present together with a stimulatory ligand, antagonists will inhibit the expected proliferative response. Both kinetic and membrane-proximal signaling mechanisms have been proposed for this class of ligands, based largely on data from in vitro experiments (10, 25, 29) . Recently, TCR antagonists have been shown to tip the kinase/phosphatase balance at the CD3 complex in favor of recruitment of the activated phosphatase SHP-1, resulting in negative feedback and T cell unresponsiveness (30, 31) . These results support the conclusion that TCR antagonists create a qualitatively distinct signal with a negative effect on T cell pro-TCR Antagonists Promote Tolerance by Clonal Elimination 1372 liferation. The impact of this ubiquitous class of self-ligand on the programming of peripheral T cell development is largely unknown.
In previous work, we demonstrated that constitutive expression of a weak TCR antagonist ligand in vivo resulted in a 2.5-fold decrease in the number of antigen-specific T cells in the draining lymph nodes after adoptive transfer and primary immunization (32) . Although this study was the first to demonstrate in vivo antagonism, its physiological significance was limited by the inability to distinguish between reduced proliferation and reduced survival as the mechanism. Given the emerging positive role for self-ligands in T cell activation (19, 33) , it is important to determine if endogenous peptide-MHC complexes also have the capacity to negatively influence T cell programming and T cell survival, as predicted by studies of TCR antagonism that support a dominant negative signal model (34, 35) .
We have examined this question by using a modification of our previous adoptive transfer system together with mice that constitutively express a strong TCR antagonist. Under the conditions of these experiments, other factors that contribute to the strength of TCR signaling are maximized and normally lead to a robust Th1 cell response. Here, we show that T cell activation in the presence of the antagonist results in a functional reprogramming of the primary immune response marked by clonal expansion, altered T cell homing, a failure to develop effector function, and ultimately clonal elimination by apoptosis. Although these data are consistent with the progressive model of T cell differentiation (1), they demonstrate the novel findings that the quality of T cell signaling has a potent impact on T cell fate, and that the developmental programs promoting T effector function and clonal expansion are distinct. They suggest a role for endogenous TCR antagonists in establishing peripheral tolerance and shaping the peripheral T cell repertoire.
Materials and Methods
Mice. The generation and characterization of 3.L2 TCR transgenic mice and I72 and A72 transgenic mice have been described previously (36, 37) . 3.L2 mice express a TCR specific for Hb(64-76)/I-E k . I72 and A72 mice express a chimeric membrane protein containing an altered peptide ligand of Hb(64-76) in all APCs. In I72 mice, the normal asparagine at position 72 has been replaced by isoleucine and in A72 mice it has been replaced by an alanine. In hybridoma assays, these substitutions create peptides that function as 3.L2 TCR antagonists by inhibiting IL-2 production after in vitro stimulation (38) . All experiments were performed with 6-8-wk-old mice that were heterozygous for the 3.L2 TCR, I72, and A72 transgenes. All transgenic mice were created in either the C57BL/6 or B6.AKR strain and maintained on the B6.AKR background by backcrossing for Ͼ 30 generations. Where possible, transgene Ϫ littermates were used as controls. RAG-1 Ϫ / Ϫ mice were maintained on the B6.AKR background as described above. The Animal Resource Committee at the Medical College of Wisconsin approved all animal experiments.
Antibodies. Antibodies and secondary reagents were purchased from BD Biosciences and included the following: PE anti-mouse CD4; FITC anti-mouse CD8a; biotin anti-mouse CD19; purified anti-mouse CD16/CD32; biotin anti-mouse TCR-␤ chain; biotin anti-mouse CD45R/B220; FITC antimouse CD69; APC anti-mouse IL-2; APC anti-mouse IL-4; APC anti-mouse IFN-␥ ; APC anti-mouse TNF-␣ ; and streptavidin-CyChrome. Biotinylated 3.L2 clonotypic antibody (CAb) was prepared as described previously (36) .
Peptides. The Hb(64-76), Hb(64-76)N72I (I72), and MCC (88-103) peptides were purified by HPLC and analyzed by mass spectroscopy (United Biochemical Research). The peptide sequences in single letter amino acid code are as follows: GKKVI-TAFNEGLK (Hb); GKKVITAFIEGLK (I72); and ANERADL-IAYLKQATK (MCC).
Ex Vivo Antagonism Assay. B6.AKR splenocytes were prepulsed with 10 M Hb(64-76) peptide for 3 h at 37 Њ C, 5% CO 2 , and washed three times to remove unbound peptide. CD4 ϩ T cells were purified from the spleens of 3.L2 mice by magnetic sorting with anti-CD4 beads using the conditions specified by the manufacturer (Miltenyi Biotec), and the percent of CAb ϩ cells was determined by FACS. 5 ϫ 10 5 prepulsed, washed splenocytes were added to 2.5 ϫ 10 4 CAb ϩ cells in a 96-well plate, followed by titrated amounts of I72 or MCC(88-103) peptide. All cells and peptides were resuspended in cell culture media (RPMI 1640, 10% FBS, 5 ϫ 10 Ϫ 5 M 2-ME, and 1 mM glutamax), and triplicate wells were set up for each peptide concentration. Cultures were incubated for 48 h at 37 Њ C, 5% CO 2 , pulsed with 0.4 Ci/ well [ 3 H]thymidine for an additional 18 h, and then harvested onto fiber filtermats with a Micro96 harvester (Skatron) and counted.
T Cell Proliferation Assays. CD4 ϩ T cells were isolated from 3.L2 mice by magnetic bead sorting and the percentage of CAb ϩ cells was determined by FACS. 2.5 ϫ 10 4 CD4 ϩ CAb ϩ T cells were added to 5 ϫ 10 5 splenocytes, and the T cells were stimulated with either Hb(64-76) or the I72 peptide as described previously (39) . Results from several experiments were then averaged to obtain the data shown. In some experiments, the source of APCs was either I72 transgenic or B6.AKR (control) splenocytes. For the hybridoma assay, 5 ϫ 10 5 splenocytes from either I72 or B6.AKR mice were used as APCs to present the MCC(88-103) peptide to 2.5 ϫ 10 4 2B4 hybridoma cells in triplicate wells. The 2B4 hybridoma is specific for MCC(88-103)/I-E k . After 24 h, 100 l of culture supernatant was removed and the relative amount of IL-2 in the supernatant was determined using the IL-2-dependent cell line CTLL-2 as described previously (39) .
Adoptive Transfer and Immunization. Pooled donor splenocytes were isolated from 3.L2 or 3.L2 ϫ RAG Ϫ / Ϫ TCR transgenic mice and filtered. The percent of CD4 ϩ CAb ϩ T cells in the suspension was determined by FACS, and 10 6 CD4 ϩ CAb ϩ cells were transferred intravenously into recipient mice by retroorbital injection. After 24 h, transfer recipients were immunized subcutaneously with 2 or 20 nmol of Hb(64-76) peptide emulsified in CFA (100 l per mouse). At various times after immunization, the draining lymph nodes and spleen were removed and analyzed by cell count and FACS.
5-(and -6)-Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) Staining. Splenocytes were labeled with the intracellular fluorescent CFSE (Molecular Probes) before transfer. A single cell suspension containing 50 ϫ 10 6 cells/ml in Dulbecco's PBS and 5 M CFSE was incubated at 37 Њ C for 15 min. After this incubation, the cells were washed three times with ice-cold DPBS, filtered, and resuspended at a concentration of 20 ϫ 10 6 CD4 ϩ CAb ϩ cells/ml. Each transfer recipient received 5 ϫ 10 6 CD4 ϩ CAb ϩ cells (250 L). Controls included recipients that were either not immunized or immunized with CFA alone.
Flow Cytometry. Single cell suspensions of lymph node cells or splenocytes were stained as described previously (37) . Samples were gated on live cells and a minimum of 100,000 live cell events per sample were collected.
Immunohistochemistry. Popliteal lymph nodes were removed and sectioned as described previously (37) . The sections were incubated with the primary antibody, a biotinylated anti-mouse CD45R/B220 (0.5 g in 100 L FACS buffer), for 1 h. Sections were washed four times with FACS buffer and incubated with Cy 3-conjugated streptavidin (Jackson ImmunoResearch Laboratories) for 30 min (1.8 g streptavidin in 50 L FACS buffer). Slides were then washed three times in FACS buffer and a 50% glycerol/PBS solution was applied, followed by a sealed coverslip. Immunofluorescence was visualized on an Olympus BX60 microscope. Digital images were captured by an Axio Vision 3.0 Carl Zeiss vision imaging system and processed using Adobe Photoshop and Deneba Canvas software.
Intracellular Cytokine Analysis. CD4 ϩ T cells were purified from the spleens and lymph nodes of day 5 transfer recipients. The percent of CAb ϩ lymphocytes was determined by FACS and 2.5 ϫ 10 4 CAb ϩ cells were added to 4.75 ϫ 10 5 B6.AKR splenocytes in a 96-well plate. The splenocytes were prepulsed with 10 M Hb(64-76) peptide for 3 h at 37 Њ C before the addition of the purified T cells. After the addition of the CAb ϩ cells, the culture was incubated at 37 Њ C, 5% CO 2 , for 24 h. Brefeldin A was then added at a final concentration of 10 g/ml and cells were incubated for an additional 12 h before analysis. Surface staining of cells was performed before intracellular staining using a modified FACS buffer containing 5 g/ml brefeldin A. Cells were stained on ice for 30 min with the primary antibody, washed with the modified FACS buffer, and incubated for 20 min on ice with the streptavidin-conjugated fluorochrome. Cells were washed again with the modified FACS buffer and prepared for intracellular cytokine staining by adding 200 l of a fixation and permeabilization solution (FACS buffer with 2% paraformaldehyde and 0.1% saponin), followed by a 20-min incubation at room temperature. After this incubation, permeabilization was continued by adding 3 ml of permeabilization wash (FACS buffer with 0.1% saponin) for 10 min at room temperature. Cells were collected by centrifugation and stained for IL-2, IL-4, IFN-␥ , and TNF-␣ by adding APC-conjugated antibodies at 0.2 g/ml in 100 l of permeabilization wash for 1 h on ice. Unrelated antibodies of the same isotypes were used as controls. Cells were then washed in normal FACS buffer (without saponin) and then fixed with 1% paraformaldehyde in PBS-azide (0.1%). Cells were immediately subjected to FACS analysis.
Hb(64-76) Recall Responses. Adoptive transfer recipients were immunized with 2 nmol Hb(64-76) peptide in CFA as described above. The mice were reimmunized 2 mo later with 20 nmol Hb(64-76) in IFA. 5 d after the secondary immunization, the draining lymph nodes and spleen were removed and single cell suspensions were prepared. An aliquot of this suspension was analyzed using flow cytometry. CD4 ϩ T cells were isolated from these suspensions using anti-CD4 microbeads and Fc block (5 g for 10 7 cells). Proliferation assays were performed in triplicate in 96-well flat-bottom plates using 3. 
Results
Naive T Cells Are Susceptible to Antagonism. The I72 peptide is a strong antagonist for the 3.L2 T cell hybridoma, and we wished to establish that this peptide would also antagonize the proliferation of 3.L2 transgenic T cells (38) . In this ex vivo antagonism assay, B6.AKR splenocytes were prepulsed with Hb(64-76) and used as APCs. When naive, freshly isolated 3.L2 transgenic T cells were added to the culture wells, they were activated and proliferated, as measured by [ 3 H]thymidine incorporation. These conditions result in ‫ف‬ 17,000 cpm ( Fig. 1 A) . When increasing concentrations of I72 peptide were added, the 3.L2 response is reduced by ‫ف‬ 75% at 100 M. These results demonstrate that naive transgenic 3.L2 T cells are susceptible to antagonism by the I72 peptide. The control peptide MCC(88-103), which also binds to I-E k , failed to inhibit 3.L2 T cell proliferation, demonstrating the specificity of this inhibition. In ex vivo proliferation assays, the I72 peptide did not induce 3.L2 T cell proliferation (Fig. 1 B) .
The transgenic mouse line I72 expresses a chimeric membrane protein containing the I72 peptide as an epitope tag in all MHC class II ϩ cells (37) . Previous data demonstrated the efficient processing and presentation of the I72 epitope in all APCs, including B cells and in the thymus. I72 mice express sufficient ligand to induce negative selection of 3.L2 transgenic T cells. Because the strength of the antagonism effect correlates with the concentration of I72 (Fig. 1 A) , we wished to determine if APCs derived from I72 mice would also inhibit the naive 3.L2 T cell response. In this ex vivo assay, purified CD4 ϩ 3.L2 T cells were mixed with either I72 ϩ (transgenic) or I72 Ϫ (B6.AKR) splenocytes in the presence of increasing concentrations of the Hb(64-76) peptide. Results show a 7-10-fold shift in the dose response curve at all peptide concentrations (Fig. 1  C) , demonstrating that the antagonist effect produced by I72 splenocytes cannot be overcome at high doses of agonist peptide. In Fig. 1 , a comparison of A with C demonstrates that the level of inhibition of proliferation achieved by I72 ϩ splenocytes is, on average, equal to that achieved by the addition of 31.6-100 M I72 peptide in the antagonism assay (50-75%).
Importantly, both I72 and B6.AKR splenocytes are equivalent in their ability to present MCC(88-103), an unrelated peptide that also binds to I-E k and is recognized by the 2B4 hybridoma (Fig. 1 D) . These data demonstrate that the inhibition seen in Fig. 1 C is not due to fewer available I-E k binding sites, and led us to further examine the ability of I72 mice to inhibit both primary and secondary 3.L2 immune responses to Hb(64-76).
Antagonism Does Not Inhibit Clonal Expansion. The effect of the I72 ligand on 3.L2 proliferation shortly after immunization was examined by labeling 3.L2 T cells with CFSE before adoptive transfer (5 ϫ 10 6 cells). I72 ϩ and I72 Ϫ transfer recipients were immunized subcutaneously with 2 nmol Hb(64-76) 1 d after transfer. 2 d after immunization, the draining lymph nodes and spleen were examined by flow cytometry for 3.L2 T cell proliferation, as measured by the interval decreases in CFSE fluorescence. Both I72 ϩ and I72 Ϫ mice show proliferation of 3.L2 T cells in the lymph nodes and the spleen (Fig. 2, A and B, panels 3, 6, 9, and 12), and the kinetics of this early expansion are equivalent. In the absence of immunization, no proliferation of 3.L2 T cells is seen in the lymph nodes of either I72 ϩ or I72 Ϫ mice (Fig. 2, A and B, panels 1 and 4), demonstrating that the interaction of 3.L2 T cells with I72 in vivo does not result in T cell activation. 3.L2 T cells in the spleen also show no turnover in the absence of antigen-specific activation (Fig.  2, A and B, panels 7 and 10). When mice were immunized with CFA alone, no 3.L2 proliferation was observed in either the lymph node or spleen (Fig. 2, A tion in the proliferative response was certainly expected from the ex vivo antagonism data and the current models of peripheral T cell differentiation.
The CFSE data demonstrate that the interaction between 3.L2 T cells and the I72 ligand in the absence of immunization with Hb(64-76) does not result in cell division. These results also show that CFA-induced activation of APCs in the draining lymph nodes of I72 mice is not sufficient for 3.L2 T cell stimulation and does not result in 3.L2 bystander activation. Finally, 3.L2 T cells purified from unimmunized I72 ϩ and I72 Ϫ transfer recipients respond equally to ex vivo stimulation with Hb(64-76) peptide, suggesting that exposure to the endogenous antagonist I72 alone does not permanently alter TCR signaling (unpublished data).
In many TCR transgenic models, including 3.L2 mice, the transgenic ␤ chain may pair with an endogenously rearranged ␣ chain, generating a second TCR of unknown specificity. Although the data in Fig. 2 shows that all proliferation occurs in the CD4 ϩ CAb ϩ population, we ruled out any potential contribution of a second TCR by repeating the experiment with 3.L2 T cells isolated from 3.L2 ϫ RAG-1 Ϫ/Ϫ mice. These data also show equal proliferation in both I72 ϩ and I72 Ϫ mice, confirming the results obtained with the transfer of whole splenocytes (Fig. S1 , which is available at http://www.jem.org/cgi/content/ full/jem.20041226/DC1).
When comparing lymph node with splenocyte CFSE staining, a greater number of divided 3.L2 T cells is observed in the spleens of both I72 ϩ and I72 Ϫ mice (Fig. 2, A  and B, panels 9 and 12) . The site of the initial activation of these cells is uncertain. After subcutaneous immunization, antigen-loaded, activated dendritic cells migrate to the draining lymph nodes, where the first T cell-APC interactions occur (17) . However, by 48 h after immunization, it is also apparent that 3.L2 T cell division is initiated in the spleen. In our experiments, we cannot directly determine the number of 3.L2 T cell divisions that occur within the CAb ϩ cells were transferred intravenously into I72 ϩ (᭹) and I72 Ϫ (᭺) mice and immunized as described in Materials and Methods. The draining lymph nodes and spleens were removed 2-10 d after immunization. Lymph nodes were pooled and the total number of CD4 ϩ CAb ϩ T cells per lymph node and spleen was determined by cell counting and FACS. Multiple experiments were averaged to obtain each data point, and the total number of mice used is as follows: day 2 (7 I72 ϩ , 6 I72 Ϫ ), day 3 (6 I72 ϩ , 5 I72 Ϫ ), day 4 (10 I72 ϩ , 9 I72 Ϫ ), day 5 (19 I72 ϩ , 16 I72 Ϫ ), day 7 (9 I72 ϩ , 9 I72 Ϫ ), and day 10 (6 I72 ϩ , 6 I72 Ϫ ). Error bars represent standard error of the mean. (B) Dual receptor T cells have no effect on the 3.L2 T cell proliferative response. A comparison of the number of 3.L2 T cells found in the lymph nodes and spleens of I72 ϩ and I72 Ϫ mice on day 5 after immunization using whole 3.L2 splenocytes (open bars) and splenocytes from 3.L2 ϫ RAG-1 Ϫ/Ϫ mice (closed bars). Only those experiments in which all four draining lymph nodes were available were used to generate this data, and the number of mice in each group is indicated. (C) There is no effect of antigen dose on the 3.L2 response. Transfer recipients were immunized with either 2 (light gray bars) or 20 nmol (dark gray bars) of Hb(64-76) peptide. The day 5 responses are shown, and the number of mice in each group is indicated. spleen or the number of 3.L2 T cells that were first stimulated in this lymphoid organ.
Altered Homing Properties of Antagonized T Cells. Adoptive transfer and immunization were used to examine the primary 3.L2 immune response in the presence of the antagonist I72. In these experiments, whole splenocytes containing 10 6 unlabeled 3.L2 T cells were transferred intravenously, and the mice were immunized with two nmol Hb(64-76) in CFA 24 h later. Four-color analytical flow cytometry was used to examine the draining lymph nodes and spleen for cell surface expression of CD4, CD8, CD19, and the 3.L2 TCR at multiple time points after immunization.
A robust expansion of 3.L2 T cells is seen in the draining lymph nodes of I72 Ϫ mice, with 2.8 ϫ 10 6 3.L2 T cells per lymph node seen on day 5 after immunization ( Fig. 3 A) . Mice expressing the endogenous antagonist I72 ϩ have a sevenfold reduction in 3.L2 T cell numbers at this same time point, with ‫4.0ف‬ ϫ 10 6 3.L2 T cells per lymph node. The kinetics of T cell expansion are similar. The antigen-specific 3.L2 T cell response peaks in the lymph nodes on day 5 in both I72 ϩ and I72 Ϫ mice. 10 d after immunization, there are 0.5 ϫ 10 6 3.L2 T cells per lymph node in I72 Ϫ controls, whereas 3.L2 T cells in I72 ϩ mice are barely detectable.
Analysis of splenocytes shows a reversal of this effect, with preferential accumulation of 3.L2 T cells in I72 ϩ spleens. In the I72 ϩ mice, there are 16 ϫ 10 6 3.L2 T cells per spleen at the peak response on day 5 (Fig. 3 ). In contrast, there are only 6 ϫ 10 6 3.L2 T cells per spleen in I72 Ϫ mice on day 5. This represents an ‫-5.2ف‬fold increase in the number of 3.L2 T cells in the spleens of I72 ϩ mice at the peak of expansion. The numbers have equalized by day 10, when both I72 ϩ and I72 Ϫ mice have 4 ϫ 10 6 3.L2 T cells per spleen. Importantly, the total number of T cells isolated from the four draining lymph nodes and spleen of I72 ϩ and I72 Ϫ mice at the peak of clonal expansion are nearly equivalent (Fig. 3 B; I72 ϩ ϭ 18.0 ϫ 10 6 /mouse and I72 Ϫ ϭ 18.3 ϫ 10 6 /mouse). This suggests that the magnitude of the proliferative response in both groups is the same.
A similar alteration in lymphocyte distribution was seen in adoptive transfer experiments performed with 3.L2 T cells isolated from 3.L2 ϫ RAG Ϫ/Ϫ mice (Fig. 3 B) and with purified 3.L2 T cells (unpublished data). Also, results were the same when mice were immunized with 20 nmol Hb(64-76) peptide, rather than 2 nmol (Fig. 3 C) . These control experiments demonstrate that neither the transfer of whole splenocytes or the dose of immunizing peptide influenced the results.
Furthermore, these results are consistent with our previous studies using 3.L2 T cells and mice expressing the weak antagonist A72 (32, 39) . In these earlier studies, we observed a 2.5-fold decrease in the number of 3.L2 T cells in the draining lymph nodes, reflecting the weaker antagonism. The number of 3.L2 T cells in the spleen was not examined and we could not distinguish between reduced proliferation and reduced survival. Based on the data presented here, we labeled 3.L2 T cells with CFSE and performed adoptive transfer studies with mice expressing the A72 ligand as described in Fig. 2 . Results confirm that after immunization with Hb(64-76) peptide, 3.L2 T cells in the draining lymph nodes and spleen divide at the same rate in both A72 ϩ and I72 ϩ mice, as expected (Fig. S2 , which is available at http://www.jem.org/cgi/content/ full/jem.20041226/DC1, and Fig. 2) .
After adoptive transfer of 3.L2 T cells and immunization with Hb(64-76) peptide, B cell expansion is also seen in the draining lymph nodes of I72 ϩ and I72 Ϫ mice (Fig. 4 A) . However, at the peak of the B cell response on day 7, there is a threefold decrease in the number of B cells in I72 ϩ mice relative to I72 Ϫ controls. These data suggest that activation of 3.L2 T cells in the presence of the I72 ligand results in poor or limited B cell help. Frozen sections of draining lymph nodes from I72 ϩ and I72 Ϫ stained for B cells confirm a decrease in secondary follicle formation on day 7 in I72 ϩ mice (Fig. 4 B) . There is a modest expansion of B cells in the spleens of I72 ϩ and I72 Ϫ mice, with no statistically significant difference between the two groups (Fig. 4 A; day 7, P ϭ 0.23). It is important to note that the accelerated B cell response in the lymph nodes of I72 Ϫ transfer recipients is due to the high precursor frequency of 3.L2 T cells. In normal mice (no transfer), the peak B cell response and the peak of secondary B cell follicle formation occur approximately 10 d after immunization and are the result of the response to CFA (unpublished data). It is therefore possible to distinguish the component of B cell expansion driven by activated 3.L2 T cells from that occurring in response to the adjuvant.
Antagonized T Cells Are Anergic. The abortive immune response occurring in the draining lymph nodes of I72 ϩ mice, marked by the large decrease in 3.L2 T cell numbers, suggested that the expanded population of 3.L2 T cells found in the spleens was nonfunctional. To evaluate this possibility, we purified CD4 ϩ T cells from the lymph nodes and spleens of I72 ϩ and I72 Ϫ mice on day 5 after immunization. FACS was used to determine the number of 3.L2 T cells in each sample and 2.5 ϫ 10 4 3.L2 T cells were mixed with 4.75 ϫ 10 5 B6.AKR splenocytes per well in a 96-well plate. These cells were restimulated with 10 M Hb(64-76) peptide for 18, 24, and 36 h, and were examined by FACS for the expression of CD69 and the intracellular cytokines IL-2, TNF-␣, IFN-␥, and IL-4. The data in Fig. 5 , A and B, are from one of three representative experiments analyzed at the time point that gives maximal cytokine expression (IL-2 18 h, all others 36 h). These data show that 3.L2 T cells isolated from the lymph nodes and spleens of I72 ϩ mice are unable to make IL-2, IFN-␥, and TNF-␣ after restimulation ex vivo. This is in contrast to 3.L2 T cells isolated from the lymph nodes and spleens of I72 Ϫ controls, which respond with a burst of IL-2, IFN-␥, and TNF-␣ production. The anergic 3.L2 T cells do up-regulate CD69, although at reduced levels compared with controls (Fig. 5 B) . No T cells from these experiments produce IL-4 due to the strong Th1 cell bias created by immunizing with CFA (unpublished data). Together, these data demonstrate that 3.L2 T cells stimulated in the presence of the antago- nist I72 fail to achieve full activation, resulting in antigenspecific clonal anergy.
Antagonism Results in Activation of Caspase-3. As shown above, 3.L2 T cells in immunized I72 ϩ mice fail to acquire an effector phenotype. This lack of effector function together with the rapid loss of 3.L2 T cells from the spleens of I72 ϩ mice seen by day 10 suggested that the proliferative program activated in these cells ultimately resulted in apoptosis. FACS experiments failed to show up-regulation of FasL or Fas on 3.L2 T cells from I72 ϩ mice, making activation-induced cell death unlikely (unpublished data). Further examination by intracellular staining revealed activated caspase-3 in ‫%03ف‬ of 3.L2 T cells from the spleens of I72 ϩ mice. Activated caspase-3 was seen in only 1% of 3.L2 T cells isolated from I72 Ϫ controls (Fig. 6) . One plausible explanation, based on the lack of IL-2 production and the activation of caspase-3, is that the antagonized 3.L2 T cells fail to survive due to lack of a survival signal, leading to unopposed apoptotic cell death.
T Cell Memory Is Aborted. The loss of 3.L2 T cells from I72 ϩ mice after immunization with Hb(64-76) peptide was rapid but not complete 10 d after primary immunization (Fig. 3) . Given the altered distribution and lack of effector function seen in activated 3.L2 T cells in I72 ϩ mice, it was possible that the development of 3.L2 T cell memory would also be affected. To test this hypothesis, I72 ϩ and I72 Ϫ littermate control mice were transferred and immunized as described in the experiments for Fig. 3. After 3, 4, 6 , and 10 wk, the draining lymph nodes and spleen were removed and analyzed for the presence of 3.L2 T cells by FACS. The results show that 3.L2 T cells are clearly detectable in the lymph nodes of I72 Ϫ mice at all time points, whereas no 3.L2 T cells are seen in the lymph nodes of I72 ϩ mice at any time point. However, in the spleens of both I72 ϩ and I72 Ϫ mice, 3.L2 T cells can be visualized for 6 wk after primary immunization at approximately equal numbers (Fig. 7 A) .
In the absence of the antagonist, clonotype ϩ CD44 hi cells could be detected in the spleens (5.6 ϫ 10 3 cells/spleen) and lymph nodes (3.7 ϫ 10 3 cells/lymph node) of I72 Ϫ mice 10 wk after primary immunization (Fig. 7 B) , consistent with the formation of 3.L2 T cell memory.
This inability to detect 3.L2 T cells in I72 ϩ mice by 6-8 wk after primary immunization was consistent with the hypothesis that the antagonism affects the development of T cell memory. To further evaluate this possibility, adoptive transfer recipients were reimmunized subcutaneously with 20 nmol Hb(64-76) peptide in IFA 10 wk after the primary immunization. 5 d later, the draining lymph nodes and spleen were removed. Cells were analyzed for surface expression of CD4, CD8, and the 3.L2 TCR (Fig. 7 A, far  right panels) . In I72 ϩ mice, the number of CD4 ϩ CAb ϩ cells in both lymph nodes and spleen did not exceed that seen with the isotype control antibody (isotype control values: 0.4 ϫ 10 6 cells/spleen and 0.065 ϫ 10 6 cells/lymph nodes; unpublished data), also suggesting a lack of 3.L2 T cell memory in these mice.
The suspected influence of the endogenous antagonist I72 on the formation of 3.L2 T cell memory was confirmed by proliferation assay. After secondary immunization, the CD4 ϩ T cell population from lymph nodes and spleens was isolated by magnetic bead cell sorting to remove APCs containing I-E k -Hb(64-76) or I-E k -I72 complexes. Purified CD4 ϩ T cells were then added to B6.AKR splenocytes in culture and stimulated with Hb(64-76) peptide. Results show a proliferative response to Hb(64-76) peptide in T cells isolated from I72 Ϫ controls, but virtually no T cell response in the cells isolated from I72 ϩ mice (Fig.  7 C) . The small response seen in normal I72 Ϫ mice (no adoptive 3.L2 transfer) immunized with Hb(64-76) peptide reflects the response of the endogenous T cell repertoire to immunization and boosting with Hb(64-76) peptide. In contrast, the proliferative response of I72 ϩ transfer recipients and I72 ϩ controls is approximately equal and barely detectable. This reduced reactivity might be due to negative selection of the Hb(64-76)-reactive repertoire in the thymus of I72 ϩ mice. Taken together, these data demonstrate that activation of 3.L2 T cells in the presence of the endogenous antagonist I72 results in an abrogation of 3.L2 T cell memory.
Discussion
In this paper, we have used an adoptive transfer model to examine the effect of a TCR antagonist on an antigen-specific immune response. We find that activation of transferred CD4 ϩ transgenic T cells in the presence of an endogenously expressed antagonist results in antigen-specific clonal expansion while altering T cell homing and eliminating the development of a Th1 cell phenotype. These experiments show a clear separation between the cellular programs that promote cell division and those that result in effector function and T cell memory. Furthermore, they illustrate one functional consequence of the inherent flexi- bility (40) (41) (42) in TCR-ligand interaction. The capability of T cells to simultaneously engage more than one peptide-MHC complex, in this case an endogenous antagonist and the cognate antigen, results in qualitative differences in TCR activation and modified developmental programs. These data demonstrate a role for the quality of TCR signaling in determining cell fate and the potency of endogenous peptide-MHC complexes in shaping the peripheral T cell repertoire.
In the progressive differentiation model for CD4 ϩ and CD8 ϩ T cells, the sequential acquisition of discrete functional capacities by each clone activated in a primary response depends upon the duration of TCR and cytokine stimulation (2, 3, 6) . Therefore, outcome hinges upon the affinity of each TCR for antigen (11) and the ability of each clone to compete for activated APCs and cytokines (18) . Less fit cells receiving insufficient stimulation will die by neglect, whereas cells receiving sufficient stimulation will sequentially become nonpolarized intermediates and polarized effectors. Those cells receiving excessive stimulation will die by activation-induced cell death. Memory cells are postulated to develop from both nonpolarized intermediates and effectors, and some intermediates may mediate specialized functions such as B cell help or suppression (1). In our system, the use of CFA and adequate doses of peptide assures that all 3.L2 T cells receive a strong activation signal from mature dendritic cells. However, the presence of the antagonist redirects this signal, and the result in vivo is a full proliferative response followed by altered homing, anergy, and elimination of the expanded clone. No 3.L2 T cell memory was observed, further demonstrating that nonpolarized intermediates or effector cells were not generated. We conclude that cell division is the first functional capacity to be acquired and that reaching this activation threshold does not automatically result in the development of effector function. Also, cell division in the absence of effector differentiation results in clonal elimination rather than clonal contraction, as no 3.L2 T cells re- main after 6-10 wk in mice that express the antagonist. Thus, there is a clear separation between the instructional program of clonal expansion and those programs that result in effector function and T cell memory. This finding was not predicted by the many in vitro studies describing the effects of antagonist ligands, and it highlights the hierarchical, compartmental nature of an intact immune response.
Abortive proliferation as a mechanism of peripheral tolerance is also seen when immature dendritic cells crosspresent self-antigen to CD8 ϩ T cells (16) . The deletion of these autoreactive T cells was inhibited by Bcl-2 overexpression and also blocked in Bim-deficient T cells, suggesting lack of a survival signal (43) . Thus, low levels of T cell stimulation by immature dendritic cells might be sufficient for proliferation, but not survival or effector differentiation. In our experiments, we observe a similar phenotype, suggesting that antagonist-induced alterations in TCR signaling might be qualitatively similar to those mediated by immature dendritic cells.
The mechanism by which antagonists alter T cell activation is controversial. Affinity measurements between TCR and peptide-MHC class II complexes using surface plasmon resonance have shown that antagonist peptides have faster off rates than agonist peptides, leading to a reduced half-life (11, 44) . When viewed in the context of the kinetic proofreading model, these data suggest that antagonist inhibition of T cell activation is due to a failure to fully induce the T cell signaling cascade. This model is supported by data demonstrating that antagonists elicit limited phosphorylation of the CD3-associated chains (29, (45) (46) (47) . Both the total amount of phosphorylation and the ratio of the p23 to p21 kD isoforms are reduced by antagonist stimulation, possibly resulting in an inhibitory signal. In contrast, studies using mutant chain hybridomas or transgenic mice have demonstrated that antagonism does not depend upon differential phosphorylation of either the p21 or the p23 isoforms, suggesting that altered phosphorylation is a consequence of antagonism (48, 49) . In agreement with these later observations, antagonists rapidly recruit SHP-1 to the TCR signaling complex (34) , and transfected dominant negative SHP-1 prevents antagonism (30) . Lower affinity antagonist ligands trigger a negative feedback loop mediated by SHP-1 dephosphorylation of Lck. Stimulatory ligands activate a positive feedback mechanism that results in phosphorylation of Lck by Erk, thereby blocking SHP-1-Lck interactions (31) . One caveat is that many studies involve an analysis of TCR signals induced by either agonist or antagonist ligands independently and in vitro. They do not examine T cell activation when both ligands are present together on an activated APC, as is the case in our experiments and is arguably the more physiologically relevant condition.
This body of evidence documents the relationship between ligand quality and the association of SHP-1 with the TCR signaling complex. When viewed in this context, one prediction based on our data is that upon transfer of 3.L2 T cells into I72 mice, SHP-1 would be rapidly recruited to the TCR signaling complex, resulting in a negative effect on subsequent T cell activation. This association is likely to require the continual presence of the antagonist ligand. The capacity of 3.L2 T cells purified from I72 ϩ transfer recipients to be stimulated normally supports the transient, reversible nature of the antagonist effect and suggests that the full biological potential of TCR antagonism is only appreciated in the setting of inflammation.
It is important to point out that when the antagonist I72 is expressed in the thymus of 3.L2 mice, the result is the elimination of those cells with high levels of the transgenic TCR (37) . In this adoptive transfer study, we circumvent thymic processes to focus on the peripheral effect of this class of self-ligand. This approach is warranted when one considers that not all self-proteins are expressed in the thymus. Furthermore, agonist ligands in low doses have been shown to promote positive selection (50) (51) (52) and differentiation into lineages with innate characteristics (53), suggesting that negative selection is not the only functional outcome of strong TCR-ligand interaction in the thymus. In the later example, the developing thymocytes are reprogrammed into a CD8␣␣ lineage, demonstrating a divergent developmental pathway triggered by strong TCR-ligand interactions (53) .
As a group, endogenous MHC ligands are important in T cell activation and contribute to T cell responses. They heighten sensitivity to foreign antigens (33) and augment clonal expansion after activation (54) . During an immune response, the number of MHC complexes displaying a foreign peptide is small and endogenous peptide-MHC complexes contribute to synapse formation (19) . This contribution to the total binding energy needed for stable synapse formation can be substantial, regardless of the peptide(s) bound by MHC molecules. For example, alanine scanning mutagenesis of the MHC class I-restricted 2C TCR, combined with binding data and structural analysis, revealed that more than half of the binding energy for the 2C-QL9-L d complex can be assigned to 2C-L d contacts (55) . Taken together, these observations demonstrate that TCR-MHC contacts contribute to T cell signaling, even in the absence of TCR-peptide interactions.
Antagonists appear to represent a class of endogenous ligand with negative effects on peripheral T cell responses. In our system, the 3.L2-I72-I-E k complexes have a half-life of 2-3 s, ‫%52ف‬ of that seen for N72, the strongest stimulatory ligand (11) . Based on binding energy alone, I72 would be predicted to enhance 3.L2 T cell activation. Our data demonstrate that this is not the case and support the hypothesis that antagonists alter T cell signal transduction, resulting in clonal elimination and T cell tolerance. Therefore, antagonists are a ubiquitous class of self-ligand that may have a significant effect on the shape of the peripheral T cell repertoire by eliminating clones with self-reactive TCRs that are activated during an immune response.
